I t has been shown p r e v i o u s l y t h a t concentration f a r above t h i s l i m i t can be obt a i n e d by l a s e r annealing o f h e a v i l y i o n implanted material /I/.
W e performed photoluminescence studies on both b u l k doped and i o n implanted S i and Ge samples w i t h c a r r i e r concentration up t o loz1 cmT3. By photoluminescence (PL) experiments t h e c a r r i e r d i s t r i b u t i o n w i t h i n t h e conduction o r valence band as w e l l as the c a r r i e r induced shrinkage o f the band gap can be studied v i a the r a d i a t i v e r ecombination o f photoexcited m i n o r i t y c a r r i e r s /2,3/.
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The i o n implanted samples were bombarded w i t h up t o 2 -1016 ionslcm and annealed w i t h an XeCl excimer l a s e r 141. For the PL measurements the samples were cooled by He exchange gas t o 5 -10K. The luminescence was e x c i t e d by t h e 647.1 nm l i n e of a Kr i o n l a s e r and analyzed by a l m double spectrometer and an i n t r i n s i c Ge diode. Fig. 1 shows the r e s u l t s f o r bulk doped Si:P. I n t h e PL spectrum o f the sample w i t h the lowest i m p u r i t y cancentration ( 4 . 1018 ~m -~) f o u r l ines are resolved.
These are, from higher t o lower energies, the n o -p h o n o n -t r a n s i t i o n p ) , the TA and TO momentum conserving phonon assistea r e p l i c a s and the TO + 0 r e p l i c a , i nv o l v i n g a momentum conserving plus an o p t i c a l zone center phonon. For increasing i m p u r i t y concentration the l i n e s become broader and f o r the heaviest doped samples o n l y the two strongest rep1 i c a s (NP and TO) can be distinguished. From the e x c i t a -we a r e i n the high e x c i t a t i o n l i m i t as defined by Parsons 151. Therefore the luminescence i s i n t e r p r e t e d as t h e r a d i a t i v e recombination o f electrons from the degenerate conduction band w i t h f r e e photoexcited holes. 
Photon

a t i o n s r e f e r t o pure Ge a t low temperatures.
The r e s u l t s f o r Ge:P are summarized i n F i g . 
The sample w i t h t h e lowest i m p u r i t y concentration i s b u l k doped, the more h e a v i l y doped ones are i o n implanted. The l uminescence spectrum, here again o r i g i n a t i n g from band t o band t r a n s i t i o n s , i s dominated by t h e no-phonon c o n t r i b u t i o n 121. The h i g h energy edge shows a d r a s t i c s h i f t t o higher energies w i t h increasing c a r r i e r concentration. For t h e heaviest implant
v i n b t h e ' i n d i r e c t L p o i n t conduction band minima (LC t o r ) . These
values r e f e r t o pure Ge a t low temperatures. The low energy edge o f the PI 1 i n e could n o t be resolved due t o the cut-off a t 1.7 um o f the Ge detector used f o r these experiments.
Only a r e l a t i v e l y small number o f e l e c t r o n s c o n t r i b u t e t o the r t o r luminescence due t o the much lower d e n s i t y o f s t a t e s i n the r c band minimum 8ompar8d t o the
-f o l d degenerated L p o i n t minima. But on the other hand t h e luminescence e f f i c i e n c y i s expected t o be much higher f o r t h i s d i r e c t t r a n s i t i o n than f o r i n d i r e c t processes. So t h e luminescence i n t e n s i t y of t h e d i r e c t t r a n s i t i o n becomes comparable t o
t h e one o f the i n d i r e c t L t o r v recombination. D i r e c t luminescence from the rc con-C duction band minimum has been reported p r e v i o u s l y f o r h i g h l y photoexcited pure Ge by van D r i e l e t a l . 161. The low temperature PL spectra shown i n t h a t paper have strong s i m i l a r i t i e s t o the one shown i n t h e present work f o r t h e most h e a v i l y doped sample.
Comparing t h e dependence o f the o p t i c a l gap EGS1 on t h e c a r r i e r concentration f o r n-type Ge and S i a remarkable difference i s found. I n Ge a pronounced s h i f t t o higher energies i s observed for increasing dopant concentrations. This s h i f t amounts t o ~0 . 2 5 eV f o r 5 . loz0 ~m -~, compared t o the band gap o f pure Ge. I n S i i n con-t r a s t an a p p r o x i m a t e l y c o n s t a n t v a l u e o f EG-l i s found up t o 1.5 lo2' CVI-~. As p o i n t e d o u t by Mahan /7/ t h i s d i f f e r e n t behaviour i s a t t r i b u t e d t o two e f f e c t s . F i r s t t h e e f f e c t i v e d e n s i t y o f s t a t e s mass f o r e l e c t r o n s i s a f a c t o r o f two s m a l l e r f o r Ge t h a n f o r S i when t a k i n g i n t o account t h e degeneracy o f t h e conduction band. T h i s e f f e c t r e s u l t s i n a h i g h e r k i n e t i c energy i n Ge than i n S i f o r a g i v e n c a r r i e r c o n c e n t r a t i o n . Second t h e r e d u c t i o n o f t h e gap EG,p i s l a r g e r i n S i than i n Ge due t o t h e l a r g e r Rydberg energy o f S i .
I n c o n c l u s i o n we have shown t h a t semiconductors extremely h e a v i l y doped b y i o n imp l a n t a t i o n and l a s e r a n n e a l i n g can be s t u d i e d by photoluminescence. T h i s s t u d y p r o v i d e s v a l u a b l e i n f o r m a t i o n on t h e f i l l i n g o f h i g h e r l y i n g band minima and on t h e band gap s h i f t as a f u n c t i o n o f c a r r i e r c o n c e n t r a t i o n over a much w i d e r range as a c c e s s i b l e w i t h b u l k doped m a t e r i a l .
